Introduction
Coal-fired utility boilers are the largest anthropogenic emitters of mercury in the United States, accounting for approximately one third of the 150 tons of mercury emitted annually (1, 2). In 2005, the U.S. Environmental Protection Agency (EPA) announced the Clean Air Mercury Rule, to limit mercury emissions from coal-fired utility boilers to 15 tons annually, approximately 30% of 1999 levels, by 2018 (3). At the time of publication (July 2008) this measure is under legal dispute. Of alternative legislative proposals to regulate mercury along with other pollutants, most would require a 90% mercury reduction, with deadlines for control varying from 2011 to 2015. Mercury exists in three forms in coal-derived flue gas: elemental (Hg 0 ), oxidised (Hg 2+ ) and particle-bound (Hg (p) ) (4) . During combustion, mercury is liberated from coal as Hg 0 .
As the flue gas cools, some of the Hg 0 is oxidised, presumably to mercury(II) chloride (HgCl2) because of the large excess of chlorine present in coal. Both Hg 0 and Hg 2+ can enter the particulate phase by adsorption onto fly ash particles (5) .
Hg 2+ and Hg (p) are relatively easy to remove from flue gas using typical air pollution control devices. Hg (p) is captured, along with fly ash particles, in the particulate control device. Hg 2+ is soluble in water, and is therefore removed with high efficiency by wet flue gas desulfurisation equipment (6) . Hg 0 , on the other hand, is difficult to capture. It is insoluble in water and is therefore not removed during flue gas desulfurisation. Activated carbon injection will remove both Hg 0 and Hg
2+
, and currently this is the best method for removing Hg 0 from flue gas (6) . In addition to the Clean Air Mercury Rule, the U.S. EPA also enacted the Clean Air Interstate Rule, which requires reductions in NOx and SO2 emissions in twenty-eight states (7). An expected consequence of this law is increased use of wet flue gas desulfurisation for SO2 removal (8) . Among the technologies being considered for mercury abatement in coal-fired boilers is therefore the combination of a catalyst and a wet scrubber; the catalyst oxidises Hg 0 to Hg
, and the oxidised mercury is subsequently absorbed by the scrubber solution. Catalysts capable of significant conversion (> 80%) of Hg 0 to Hg 2+ could have tremendous value because the oxidised mercury can be removed concurrently with acid gases during flue gas desulfurisation.
Mercury oxidation catalysts can be employed in either of two configurations. In the 'co-benefit' application, selective catalytic reduction (SCR) catalysts with sufficient activity for mercury oxidation are installed upstream of a flue gas desulfurisation scrubber. The primary function of the SCR catalyst is to reduce NOx concentration in flue gas, and some power plants will need to install SCR to achieve compliance with the Clean Air Interstate Rule (9) . During operation, NO is reduced by NH3, which is injected upstream of the SCR, at temperatures above 300ºC. When the NH3 is consumed (catalysts are typically oversized to prevent NH3 slip), the catalyst is available for mercury oxidation.
Mercury oxidation catalysts can also be installed specifically for mercury control. In this case the catalyst is located downstream of the particulate control device, where the flue gas temperature is approximately 150ºC. The lower temperature favours Hg 0 adsorption, and may therefore lead to more efficient mercury oxidation. Catalysts tested in this configuration include gold, palladium and vanadium-tungsten (10) .
The catalytic oxidation of mercury to mercury(II) chloride typically assumes an overall reaction between Hg 0 and HCl, for example, Reaction (i):
Cl2 may also play a role in the formation of HgCl2, but the equilibrium concentration of Cl2 is only ~ 1% of the HCl concentration. Several key questions exist regarding this reaction. Specifically, the reaction mechanism is uncertain. The bimolecular reaction between two species adsorbed to a surface can be described by a LangmuirHinshelwood mechanism (11), Reactions (ii)-(v):
For this mechanism, the rate of reaction is dependent on the concentrations of reactants A and B, the adsorption equilibrium constant (K i ), and the rate constant for the surface reaction (k surf ). Mercury could also react via an Eley-Rideal mechanism, which is the reaction between a surface-bound species and a gas-phase (or weakly adsorbed) species, Reactions (vi)-(vii):
Eley-Rideal and Langmuir-Hinshelwood mechanisms can be inferred by surface analysis of used catalysts to confirm adsorption of specific reactants such as mercury and HCl. Additionally, pre-exposure of the catalyst to an oxidant, followed by mercury oxidation in the absence of the oxidant, would suggest either a Langmuir-Hinshelwood reaction or an Eley-Rideal reaction with the oxidant as the adsorbed species. A Langmuir-Hinshelwood mechanism can also be identified via chemical kinetics, though the relative adsorption behaviour of the reacting species may complicate analysis. In some cases, a Langmuir-Hinshelwood mechanism is characterised by a reaction that is first-order in each of the reactants (for example, Hg 0 and HCl). However, if one species saturates the surface, the reaction order with respect to the saturating species can be -1 (11).
Granite et al. (12) proposed that mercury oxidation could occur via a Mars-Maessen (13) mechanism. In this mechanism, adsorbed Hg 0 would react with a lattice oxidant (either O or Cl) that is replenished from the gas phase. Reactions (viii)-(xii) show the Mars-Maessen mechanism for the reaction of an adsorbed species (for example, Hg 0 ) with lattice oxygen:
The Mars-Maessen mechanism can be confirmed by the observation of mercury oxidation in the absence of gas-phase oxygen or chlorine, respectively (through variations of Reaction (ix) (15) .
To date, none of the above mechanisms has been verified as the dominant mechanism for catalytic mercury oxidation. Mercury appears to react from an adsorbed state (10) , but the phase of the HCl is uncertain. Furthermore, it is unknown whether Hg and HCl react directly, or if another species, such as mercury(II) oxide (HgO), is formed first (16, 17) . The role of other flue gas species, specifically NO and SO2, is unclear, and the behaviour of these species in mercury oxidation may depend strongly upon the nature of the catalyst. The deactivation mechanisms for the various mercury catalysts are also unknown.
In a previous article (10), we asserted that further research into the fundamental aspects of catalytic mercury oxidation is required to answer these significant questions. The information presented in this article is part of an ongoing effort toward that goal. We present initial results for mercury oxidation over three noble metal catalysts, Au, Pd and Pt. We envision that these materials could be used downstream of particulate control devices as mercury-specific catalysts. The results reveal several important aspects of the catalysts, and highlight some of the differences between Au and the platinum group metals (pgms) in mercury oxidation.
Experimental
Noble metal catalyst samples were exposed to mercury in a bench-scale packed bed reactor that has been described previously (18) and is shown schematically in Figure 1 . The bench-scale assembly consisted of a quartz tube reactor, 22 mm internal diameter and 61 cm long, contained in a clamshell tube furnace. A catalyst bed containing approximately 0.5 g of catalyst was placed in the reactor and was supported by a quartz frit. Alumina beads were placed above the catalyst bed to ensure plug flow. A mass spectrometer was located downstream of the packed bed to monitor potential side reactions such as the formation of flue gas halides.
The catalysts used in this study were 1 wt.% Au, Pd and Pt, respectively, supported on 2 mm alumina beads (Johnson Matthey PLC). The BET surface area of the alumina beads was approximately 200 m 2 g -1 . The catalysts were air calcined at elevated temperatures, thereby decomposing the precursor salts. It is very unlikely that the Au particles are of nanometre size because they sinter at the calcination temperatures. Therefore, the Au catalyst should have typical properties of bulk Au. The mercury concentration and speciation exiting the packed bed were measured using a P S Analytical model 10.525 'Sir Galahad' continuous mercury monitor. A wet conditioning system with two channels for determining elemental and total mercury was placed upstream of the mercury monitor. The elemental mercury channel used an impinger filled with KCl solution to remove Hg 2+ from the sample, and the total mercury channel used a SnCl2/HCl solution to reduce Hg 2+ to Hg 0 . Both the KCl and SnCl2/HCl impingers were followed by impingers containing NaHCO3 solution that captured the acid gases SO2 and HCl.
The mass of catalyst was selected to provide a small (10 to 50%) conversion of Hg 0 to Hg
2+
. Very high or very low fractional conversions are unfavourable because they complicate the interpretation of the experimental results. The precision of the mercury monitor used in this study is approximately 10 to 20% (1σ); therefore gas mixtures containing less than 10%, or more than 90%, oxidised mercury are statistically indisinguishable from gas mixtures that contain 0% or 100% oxidised mercury, respectively. The instrument precision is summed in quadrature for kinetics measurements, which require both elemental and oxidised mercury concentrations. The total uncertainty for the kinetics measurements is therefore 15 to 30% (Figure 2 ), and small fractional mercury conversions are nearly indistinguishable from the noise.
Difficulty in obtaining consistent mercury measurements in real or simulated flue gas at levels of parts per billion by volume is a common problem. For example, results from field studies indicate significant variability in mercury capture efficiency during activated carbon injection. Specifically, during long-term injection tests, individual measurements of mercury capture efficiency (timescale of minutes to hours) can differ significantly from the long-term results (timescale of months) (19) . When all of the potential sources of experimental uncertainty are considered, it is our opinion that the precision presented here is appropriate for our experimental system, and is consistent with previous work from this laboratory (20) .
The catalysts were exposed to simulated flue gas containing O2, CO2, HCl, SO2, Hg 0 and N2. Each catalyst sample was tested using the 'baseline' simulated flue gas detailed in Table I . The baseline conditions are roughly consistent with previous work from this laboratory, with the exception that NO was excluded from all but one experiment in this study because its presence interferes with mercury detection by the mercury monitor. The baseline conditions serve two purposes: first, they provide the basis for a like-for-like comparison for each of the catalysts tested. We will refer to the mercury oxidation rate measured in the presence of the baseline simulated flue gas as the 'baseline reaction rate'. The effects of excursions from the baseline gas composition are measured as deviations from the baseline reaction rate. Second, because the baseline conditions are used at the start of each experiment, they provide a way to measure catalyst deactivation over time.
Excursions from baseline conditions were undertaken in order to gain a more complete understanding of the reaction order with respect to mercury and/or HCl, potential side or interfering reactions, and apparent activation energy. The effects of other flue gas species, such as SO2 and CO, were also considered. These species can possibly bind to and deactivate the catalyst, or can participate in parallel reactions, such as flue gas halide formation, that may inhibit mercury oxidation. The catalyst samples were tested for approximately six hours per day for several days. This procedure contrasts with packed bed experiments conducted by this group using mercury sorbents. In those experiments (18) the sorbent was exposed for six hours and removed from the packed bed reactor. The procedural difference between catalyst and sorbent experiments is intended to partially mimic the application of the two technologies in power plants: sorbents are typically injected and subsequently disposed of, whereas catalysts need to stay in place for months or years in order to be an economically viable option for mercury control (21) . Exposing the catalysts for multiple six-hour experiments also allows for an initial investigation into the flue gas species and/or processes that can deactivate the catalyst.
Results
The data presented in this article were analysed according to the chemical kinetics framework previously outlined by this group (22 . The results presented in this section focus specifically on the roles of HCl and oxygen in mercury oxidation.
A time series from a typical experiment is shown in Figure 3 . In this experiment, the HCl and O2 concentrations were changed in successive steps, and the mercury oxidation rate was measured following each change in simulated flue gas composition. Please note that the total concentration of mercury exiting the reactor bed, [Hg T ], is equal to the concentration entering the reactor. This steady state, with no net adsorption of mercury, is typically referred to as 'complete breakthrough'. As with other studies of mercury oxidation catalysts, oxidation rate measurements were only made under conditions of complete breakthrough (22, 23) .
At the start of the test series for each catalyst, the samples adsorbed mercury for two to six hours before reaching complete breakthrough. During most of the subsequent experiments, the catalyst sample adsorbed mercury for a short period, typically one hour, prior to reaching complete breakthrough. The mercury adsorbed during this start-up period likely replaced mercury that was desorbed during the cooldown period of the previous experiment.
During the first experiment for each catalyst, Hg/CO2/N2 and Hg/CO2/O2/N2 gas mixtures were passed prior to the baseline simulated flue gas. All subsequent experiments were initiated with the baseline simulated flue gas (Table I) . Complete mercury breakthrough occured quickly in the Hg/CO2/N2 atmosphere, and no mercury oxidation was evident in either of the mixtures. The onset of mercury oxidation coincided with the use of the baseline simulated flue gas. 
Gold Catalyst
The Au catalyst exhibited a consistent baseline rate of Hg 2+ formation, as shown in Figure 4 . The baseline reaction rate remained constant over a period of seven experiments, suggesting that there was no apparent catalyst deactivation. The mean baseline reaction rate was (2.2 ± 0.3) × 10 -10 (mol Hg 2+ ) (g catalyst) -1 s -1 . The baseline reaction rate remained constant when the flow rate was raised from 8 standard litres per minute (slpm) to 10 slpm with no change in simulated flue gas composition. This result suggests that the mercury oxidation reaction is not limited by mass transfer under the conditions tested here. The HCl concentration was varied from the baseline level of 50 parts per million (ppm) to 75 and 0 ppm. Raising the HCl concentration to 75 ppm had no effect on the reaction rate ( Figure  2) . Even though the reaction rate, and therefore the fractional conversion to oxidised mercury, were nominally constant during the baseline and elevated HCl portions of the experiment, the data in Figure 2 exhibit considerable scatter. As noted above, the precision for the kinetics measurements is approximately 15 to 30%. Due to the scatter in the data and the difficulty in making precise kinetic measurements with our current system, reaction rates reported here often represent time averages over periods of relative consistency (for example, the diamond symbols in Figure 2) .
When the HCl concentration was set to 0 ppm, mercury oxidation continued, but the reaction rate slowed. The reaction rate fell to ~ 85% of the baseline rate after 1.5 hours and ~ 45% of the baseline rate after 2.5 hours. Time limitations prevented further testing, though we assume that mercury oxidation would have eventually stopped in the absence of an HCl source.
The mercury oxidation rate was also dependent on the presence of O2. Removing O2 from the simulated flue gas produced a similar effect to removing HCl: mercury oxidation continued at a reduced rate. Upon stopping O2 flow, the Hg 2+ formation rate fell to < 50% of the baseline rate. Mercury oxidation in the O2-free simulated flue gas was only monitored for approximately 45 minutes, and as shown in Figure 2 , the fractional mercury conversion was trending downward at the conclusion of the experiment. However, we are uncertain whether the reaction rate would have continued to decline as in the case of 0 ppm HCl.
In a separate experiment the temperature was varied from 138 to 160ºC. An apparent activation energy of 40 kJ mol -1 for the global reaction (i):
Hg + 2HCl → → HgCl2 
Palladium Catalyst
The baseline reaction rate across the Pd catalyst ( Figure 4) in the baseline oxidation rate, all comparisons with the baseline rate are limited to a particular experiment. The baseline reaction rate was measured at the start of each experiment, and we assume that the baseline rate is roughly constant during a given experiment. The decrease in the baseline reaction rate with time suggests that the Pd catalyst is deactivated or fouled more readily than the Au catalyst.
The Pd catalyst exhibited similar responses to changes in HCl concentration to those of the Au catalyst. Raising the HCl concentration from 50 ppm to 100 ppm had no impact on the reaction rate. Lowering the HCl concentration to 0 ppm slowed, but did not halt, mercury oxidation. The oxidation rate fell to ~ 45% of the baseline rate after 80 minutes, and ~ 42% of the baseline rate after 150 minutes.
NO (500 ppm) was added for one experiment near the end of the test period. The baseline rate for this experiment was 3.3 × 10 -11 (mol Hg 2+ )
(g catalyst) -1 s -1 , and the mercury was approximately 10 to 20% oxidised downstream of the catalyst bed. Adding NO to the simulated flue gas reduced the sensitivity of the mercury monitor, and the observed total mercury concentration fell from 10 μg Nm -3 to 4 μg Nm -3 . With NO present, the mercury downstream of the catalyst bed was 90% oxidised. The reaction rate is not reported here because the measurement for the total Hg concentration is biased low. Regardless of the actual reaction rate, adding NO to the simulated flue gas resulted in significantly greater fractional mercury oxidation downstream of the catalyst bed.
Platinum Catalyst
As with the Pd catalyst, the baseline reaction rate observed with the Pt catalyst decreased over the course of the test period. The baseline rate fell from an initial maximum of 4.1 × 10 -10 to 1.5 × 10 . As with the Au and Pd catalysts, increasing the HCl concentration to 75 ppm and 100 ppm had no impact on the mercury oxidation rate. Reducing the HCl concentration to 0 ppm yielded an immediate halt to mercury oxidation. This behaviour is in contrast to that of the Au and Pd catalysts, both of which continued oxidising mercury at reduced rates when HCl flow stopped.
Prior to one experiment the Pt catalyst was reduced at 165ºC with 60 ppm CO in N2. The catalyst was then exposed to a mixture of Hg/CO2/HCl/SO2/N2 at 150ºC. No oxidised mercury formation was observed. When O2 was added to the gas mixture to form the baseline simulated flue gas, mercury oxidation was evident. The HCl flow was then stopped, with the expectation that mercury oxidation would again stop. Instead, oxidation continued at a reduced rate, consistent with the behaviour observed for the Au and Pd catalysts.
The apparent activation energy for mercury oxidation across the Pt catalyst was measured for the temperature range 140 to 157ºC. The measured activation energy was ~ 120 kJ mol -1 , significantly higher than that measured for the Au catalyst.
Discussion
As stated in the Introduction, previous investigations of mercury oxidation over a variety of catalysts indicate that mercury reacts from a bound state, for example, Hg (ads) . It is well established that mercury adsorbs to Au, Pt and Pd surfaces. Gold (25, 26) , palladium (27) and iridium (28) have all been used as modifiers for improving mercury capture in graphite tube atomic absorption spectrometry. The mercury monitor used in this study removes mercury vapour from the sample gas using Au/sand traps. The captured mercury is thermally desorbed during the analysis step of the instrument cycle. Mercury is also known to adsorb to Pt and form a solid solution with it (29) . Therefore, we are confident in assuming that mercury adsorbs to the catalyst surface prior to reacting.
The dependence of the mercury oxidation rate on the presence of HCl in the simulated flue gas suggests that the oxidised mercury species observed by the mercury monitor is indeed HgCl2. Mercury oxidation was not observed when the catalyst was exposed to the Hg/CO2/O2/N2 gas mixture used prior to the simulated flue gas, indicating that the observed oxidised mercury species is unlikely to be HgO. Mercury(I) chloride (Hg2Cl2) is also a possibility, as it can form via the BolidenNorzink reaction (30) , Reaction (xiii): Hg(g) + HgCl2 → Hg2Cl2 (xiii) However, themodynamic calculations indicate that Hg2Cl2 is not stable under typical flue gas conditions (31) .
For all three noble metal catalysts tested here, increasing the HCl concentration above 50 ppm had no impact on the reaction rate. In a previous study, we made an initial assumption that the mercury oxidation rate can be described by r = k [Hg] [HCl] (22) . This assumption is obviously false for HCl concentrations > 50 ppm.
The assumption above required Hg + HCl as participants in the rate-limiting step. At this point, the rate-limiting step is unclear. When HCl was removed from the simulated flue gas during the tests with the Au and Pd catalysts, the reaction rate immediately fell, suggesting that the lack of a chlorine source to replenish the surface reduced the reaction rate. Mulla et al. suggested that the adsorption of O2 to an empty surface site was the rate-limiting step for NO oxidation over a Pt/Al2O3 catalyst (32) . Perhaps this step is also rate-limiting for the formation of the presumed HgO intermediate product detailed below.
The data for the Au and Pd catalysts suggest that mercury reacts with HCl that is bound to the catalyst surface. This explains why mercury oxidation continues in the absence of gas-phase HCl, but with a declining reaction rate. Cl2 can chemisorb to Au surfaces and form AuCl3 (33) . HCl dissociatively adsorbs to Pt surfaces (34) , and similar behaviour might be expected for Pd. Thus, surface-bound Cl should be available for reaction on the Au and Pd surfaces.
The Pt catalyst exhibited different behaviour in the absence of HCl, and mercury oxidation stopped. This might be evidence of an Eley-Rideal mechanism for mercury oxidation across the Pt catalyst, with adsorbed Hg (or an intermediate such as HgO, described below) reacting with gas-phase HCl. Eley-Rideal kinetics would not suggest the zero-order dependence on [HCl] for concentrations greater than 50 ppm, but the overall reaction could exhibit a zero-order dependence on [HCl] if the Hg (ads) + HCl (g) step is not rate-limiting.
In a chlorine-and sulfur-free flame, Schofield (16, 17) observed HgO deposition on Pt and stainless steel surfaces. When HCl was added to the flame, the HgO desorbed as HgCl2. The implication of this observation is that Hg and HCl do not react directly to form HgCl2, but rather form via a HgO intermediate. Pt is an effective adsorber of oxygen (32, (35) (36) (37) , hence surface-bound oxygen should be present in excess for the conversion of Hg 0 (g) to HgO (ads) . In the absence of HCl (g) , the HgO remains bound to the surface because of its low vapour pressure. When HCl is present, the HgO is converted to HgCl2, which desorbs from the surface and allows more Hg to react. The vapour pressure of HgCl2 is sufficiently high (1 Torr at 136ºC), and the concentration is sufficiently low, that the simulated flue gas stream can hold HgCl2 as a vapour even at temperatures well below the sublimation point.
We tested the Schofield hypothesis in the experiment that used the reduced Pt catalyst. This test yielded two important results: (a) O2 and HCl (or possibly Cl2) are required for mercury oxidation across a Pt catalyst, possibly because HgCl2 formation is preceded by HgO; (b) the Pt catalyst can display a significant history effect.
In the initial series of experiments, the catalyst was exposed to an O2-containing gas mixture prior to the introduction of HCl. In the experiment with the reduced Pt, the catalyst was exposed to HCl prior to O2. We hypothesise that in the initial tests, O (ads) greatly outnumbers Cl (ads) to the point of exclusion. Thus, HgO is easily formed on the surface, and HCl reacts with the adsorbed HgO from the gas phase. Without HCl, there is no chlorine source for HgCl2 formation. In the experiment using the reduced Pt, the initial exposure to HCl allows for an ample concentration of adsorbed chlorine that is joined by adsorbed oxygen when O2 is introduced. When HCl is removed from the simulated flue gas, there is sufficient surfacebound chlorine to sustain HgCl2 formation at a reduced rate. The reaction mechanism remains unclear. The initial experiments suggest the possibility of an Eley-Rideal mechanism, and the experiments with the reduced Pt catalyst might suggest a Langmuir-Hinshelwood mechanism.
The data suggest that mercury oxidation across the Au catalyst is dependent on the presence of O2. , suggesting that this species could easily desorb from the catalyst surface at the temperatures tested here.
The mechanism governing the oxygen dependence of mercury oxidation across the Au catalyst is unknown at this time. Unlike with Pt, oxygen is not expected to efficiently adsorb to the Au surface (39) , suggesting that adsorbed oxygen for HgO formation is not readily available at the surface. One could postulate an Eley-Rideal reaction between bound Hg and O2 (g) to form HgO, but this reaction requires accounting for the second oxygen atom, suggesting either a ternary reaction (xiv):
which is unlikely, or the migration of an oxygen atom to the Au surface, which is also unlikely. Further research is required to elucidate this behaviour.
The nature of the bonding of mercury, chlorine and oxygen species to the catalyst surface is unknown at this time. One possibility is that each species adsorbs to the surface individually -Hg (ads) , Cl (ads) , HgO (ads) , etc. Mercury is known to interact with other metals to form a variety of oxides and halides (40) that could participate in the surface reactions which lead to the formation of HgCl2. Surface analysis of fresh and used catalyst samples will be conducted in the future in order to gain more insight.
The most significant difference between the performance of the Au and the pgm catalysts, was the loss of catalytic activity for the Pd and Pt over the course of the test period. The presence of adsorbed oxygen on the catalyst surface may offer an explanation for the observed drop in catalyst activity. While testing Pt/Al2O3 catalysts for the oxidation of NO to NO2, Mulla et al. observed that the catalyst deactivated during cooldown and other changes to process conditions (32) . The researchers proposed that deactivation may have been the result of the oxidation of the Pt surface. Olsson et al. also observed deactivation of Pt/Al2O3 and Pt/BaO/Al2O3 catalysts during the same reaction and attributed the loss of catalytic activity to the formation of unreactive PtO (41) . The formation of Pt and Pd oxides, especially while exposed to O2 during cooldown, may also explain the deactivation observed here. The poor reactivity of PtO might also suggest that the possible HgO intermediate product is not formed via a Mars-Maessen reaction. Au, on the other hand, is typically a poor adsorber of oxygen and is likely not subject to this deactivation mechanism (39).
Mulla et al. found that their Pt/Al2O3 catalyst could be regenerated with CO or H2 (32) . This observation agrees well with the data presented here; Hg oxidation proceeded at nearly the initially observed baseline reaction rate after the Pt catalyst was exposed to CO. The enhanced extent of Hg oxidation observed across the Pd catalyst in the presence of NO also suggests that surface oxygen inhibits Hg oxidation. When NO was added to the simulated flue gas used here, it is possible that surface oxygen was removed, allowing for increased conversion of mercury (32, (35) (36) (37) 41) .
It is unclear at this time whether the Pt and Pd catalysts were deactivated by the formation of oxides (for example, PtO and PdO), surface-bound oxygen, or both. While NO may have removed adsorbed oxygen from the Pd surface, the presence of PtO has been observed to inhibit NO oxidation across Pt catalysts (41) . Thermal regeneration of Pt catalysts requires temperatures of 600 to 650ºC, significantly higher than the temperatures used here. Surface analysis will be required to confirm the nature of the catalyst surface following exposure to the simulated flue gas.
Of concern with all potential mercury oxidation catalysts are the unwanted side reactions (xv) and (xvi):
NO + ½O2 → NO2 (xv) and SO2 + ½O2 → SO3 (xvi) Stack NO2 concentrations as low as 15 ppm (42) can lead to the formation of a brown plume and enhanced local ozone production. SO3 is captured poorly in most wet flue gas desulfurisation systems, and can lead to sulfuric acid mist in the downstream plume. In each case, a small concentration can produce a significant impact -15 ppm NO2 corresponds to only 3% NO conversion for flue gas containing 500 ppm NO. To date, both Au and Pd catalysts have been tested at pilot scale, and neither SO3 nor NO2 formation was observed (23) . However, formation of these unwanted byproducts remains a concern. The results introduced here may have several implications for the use of noble metal catalysts in mercury abatement schemes. Perhaps most important is the observation that Au exhibits superior resistance to deactivation than Pd and Pt. Contrary to our short-term, bench-scale results, pilot-scale testing of Au and Pd showed similar performance and deactivation over time (23) . A likely explanation is the presence of NO in the real flue gas; as shown here, NO appears to regulate the surface oxygen concentration on the Pd catalyst, leading to improved Hg oxidation versus a NO-free simulated flue gas. The oxygen resistance of Au may come into play during periods of down time, when the catalyst beds come into contact with air at ambient temperature. This condition favours oxygen adsorption onto Pt and Pd. However, a preference for Au remains to be seen, and future, longer-term testing may be warranted.
Conclusions
The results presented here provide an initial investigation into the mechanisms behind mercury oxidation across noble metal catalysts, and more work is needed. Investigations are needed into the role of other potential flue gas catalyst poisons such as arsenic, selenium and SO3. Selenium is suspected to deactivate Au catalysts tested at pilot scale (23) , and initial experiments conducted in our laboratory suggest that high concentrations of SO3 can deactivate Au catalysts. Future work should also focus on the possible beneficial role of different promoters, alloys and supports. At the size and timescale presented here, both Au and pgms show promise for use as mercury oxidation catalysts. As we begin to understand mercury oxidation across these catalysts -specifically the roles of O2 and HCl and the apparent deactivation mechanismsimprovements can be made that will help mercury oxidation catalysts become economically competitive as part of a mercury abatement strategy.
